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I. INTRODUCl'ION 
The e f f o r t  t h a t  i s  summarize? i n  t he  following was car r ied  out 
i n  support of NASA's c r y s t a l  growth proglam, and, i n  p a r t i c u l a r ,  i n  
support of Skylab experiments M-555 on Epi tax ia l  Growth of GaAs, M-556 
on Growth of GeSe and SeTe Single Crystals  by Vapor Transport Reactions 
and M-560 on Containerless Growth of InSb. A va r i e ty  of samples was 
analyzed i n  support of ongoing research a t  SSL a s  well. Germanium and 
GaAs c r y s t a l s  were invest igated f o r  s t ud i e s  on photovoltaic e f f e c t s ,  
chemical etching and e p i t a x i a l  growth. 
According t o  the  ove ra l l  ob jec t ive  t o  assess  t he  defecc s t r u c t u r e  
of s i ng l e  c r y s t a l l i n e  ;nater ia ls ,  the  X-ray f a c i l i t y  t h a t  was s e t  up 
under t h i s  contract  allows f o r  Laue d i f f r a c t i o n  s tud i e s  including modi- 
f i ca t i ons  thereof such a s  microbeam Laue and la rge  a r ea  Laue topography, 
Schulz and Berg-Barrett topography (mocified o p t i c a l  spectrometer),  
scanning Lang, Berg-Barrett and Borrman topography (AMR topographical 
camera) a s  w e l l  a s  diffractometer  studies.* 
Hardware has been described i n  e a r l i e r  repor t s ;  a c r y s t a l  wafering 
s a w  f o r  cu t t i ng  of p rec ise ly  or iented c r y s t a l s  was a l s o  designed and 
constructed. 
In the  following, a b r i e f  survey of bas i c  theory and topographical 
techniques is provided; examples of topographs a r e  presented. 
*Powder and ro t a t i ng  c r y s t a l  cameras a r e  a l s o  ava i lab le .  
11. THEORY 
Invest igat ion of c r y s t a l  imperfections by X-ray d i f f r a c t i o n  
techniques is based on the  f a c t  t h i t  Laue d i f f r a c t i o n  spo t s  have a 
f i n e  s t r u c t u r e  t ha t  r e f l e c t s  the  s t r u c t u r a l  per fec t ion  of the  c r y s t a l  
under invest igat ion.  X-ray topographical techniques record i n t e n s i t y  
d i f f r ac t ed  from l a rge  a r ea s  of a c r y s t a l  a t  high reso lu t ion .  Recorded 
images ref i e c t  t h e  ove ra l l  geometry and s i n g l e  c r y s t a l l i n i t y  of a sample, 
black and white images of d e f e n t s  a r e  super'cgosed on the general  back- 
ground. For t h in  c r y s t a l s  where the  product of l i n e a r  absorption 
coe f f i c i en t  p and thickness t is l e s s  than 1 or  f o r  back-ref l e c t i on  
Images, de fec t s  appear pr imari ly  a s  darker f ea tu re s  on a photographic 
emulsion. For thicker  samples, where u t  > 10, l i g h t  images a r e  
obtained. Samples with intermediate thickness  may show bcth, l i g h t  and 
dark images of defec ts .  Densi t ies  of d i s loca t ions  up to  t he  order of 
4 2 10 /cm can be resolved, beyond t h i s  point topographical techniques a r e  
of l i t t l e  use due t o  overlap of d i s loca t ion  images. 
In  terms of kinematic theory, image con t r a s t  formation i n  X-ray 
topographs due t o  s t r a i n  f i e l d s  i n  c r y s t a l s  can be explained a s  follows: 
I n t r i n s i c  r e f l e c t i o n  ranges can be calculated f o r  per fec t  c rys t a l s .  A s  
an example, half  width f o r  [220] Bragg ~ f l e c t i o n s  f o r  the  case  of 
symnetr i c a l  transmission and neg l ig ib l e  absorpt ion is f o r  s i l i c o n  
1.7 sec. of a r c  f o r  Ag Kaland 5.5 sec.  f o r  Cu Kal, fo r  germanium 3.8 sec 
for  Ag Kal and 15 sec.  f o r  Cu Kal radiat ion.  Primary beam divergence 
usua l ly  is of t he  order of minutes (< AOle2) and only a small f r a c t i o n  
of the  i n t e n s i t y  w i l l  be  d i f f r ac t ed  by defec t - f ree  mater ia l .  In  case  
of s t r a i n  f i e l d s  modifying the  periodiccy of the l a t t i c e ,  a l a rge r  
divergence w i l l  be accepted f o r  d i f f r a c t i o n  and the  add i t i ona l  i n t e n s i t y  
w i l l  r e s u l t  i n  d i r e c t  image& of defec ts .  Similar considerat ions apply 
f o r  wavelength spread. 
Considering absorption, the d i r e c t  image i n t e n s i t y  decreases  
according to: 
- p o t  
I = I O * R  (  r l i n e a r  absorpt ion coe f f i c i en t  
t = thickness) 
Accordingly, d i r e c t  image topographs correspond t o  t he  t h i n  c r y s t a l  case,  
< 
t = 1. I f  recorded on photographic emulsions, d e f e c t s  or s t ra ined  
regions show up a s  black inages on grey background, s imi l a r ly  the inte-  
grated i n t e n s i t y  f o r  a  mosaic c r y s t a l  is higher than fo r  a  per fec t  
c rys t a l .  Since t he  s t r a i n  f i e l d s  surrounding d is loca t ions  a r e  an iso t rop ic ,  
d i r e c t i o n  of Burgers vec to r s  can be  determined by determining d i f f r a c t i o n  
planes t h a t  exh ib i t  maximum and mininaum image cont ras t .  A s  an example, 
minimum con t r a s t  f o r  screw d i s loca t ions  is obtained i f  & = 0, maxi- 
+ + 
mum cont ras t  i f  g  I I b. 
In  kinematical o r  geometric theory, t he  assumption is made t h a t  
t he  amplitude of X-rays inc ldent  on a l l  t he  d i f f r a c t i o n  cen t e r s  of t h e  
c r y s t a l  is the  same, thus neglecting the  amplitude d i f f r ac t ed  by previous 
l aye r s  of t he  c rys t a l .  This is only va l id  f o r  c r y s t a l s  made of mosaics 
of t h in  c r y s t a l l i t e s  o r ,  more genera l ly  speaking, very imperfect c rys t a l s .  
When studying d i f f r a c t i o n  by a  thick,  pe r f ec t  c r y s t a l ,  one has  t o  take 
i n t o  account a l l  t he  i n t e r ac t i ons  between t h e  inc ident  and d i f f r a c t e d  
waves and the  c rys t a l .  Dynamical theory considers  these i n t e r ac t i ons  
and image con t r a s t  formation e8pectall.y with per fec t  c r y ~ t a l s  a s  w e l l  a s  
eaue other d i f f r a c t i o n  phenaaena t h a t  can be observed on topographs 
can only  be  understood i n  terms of dynamical theory.  For b a s i c  inf  orma- 
t i o n ,  a  s e l e c t e d  bibl iography is given i n  t h e  appendix. A b a s i c  t r e a t -  
ment of dynamical theory would b e  beyond t h e  scope of t h i s  r e p o r t ,  how- 
ever ,  same s p e c i f i c  phenomena t h a t  a r e  due t o  dynamical e f f e c t s  a r e  
mentioned b r i e f  l y  i n  t h e  f  01 lowing. 
Fig. 1. Arrangements f o r  " l imi ted  p r o j e c t i o n  topographs" and " d i r e c t  
beam topographs". 
Fig .  2. Dispers ion s u r f a c e  i n  v i c i n i t y  of B r i l l o u i n  zone boundary. 
One of these  phenomena, "margin enhancement , I t  can be  observed with 
sec t ion  topographs of pe r f ec t ,  weakly a b s o r b h g  samples. Fig. 1 gives  
t he  path of rays for  l imited pro jec t ion  topographs. Fig. 2 is a sketch 
of t he  dispers ion sur face  and of the  asymptotic sur faces  of the  wave 
-k -+ 
vectors  i n  t he  c r y s t a l ,  ko and kg, i n  the  v i c i n i t y  of t h e  B r i l l o ~ ~ i n  zone 
boundary. Oz lies i n  thn Br i l lou in  zone boundary and is 6 i rec tcd  toward 
-b -+ 
t he  cen te r  of the  c r y s t a l  i n  the  d i r ec t i on  ko + kg. 
The i n t e n s i t y  p r o f i l e  of t he  d i f f r a c t e d  beam is - fo r  nonabsorbing 
c r y s t a l  - described by the  following equation: 
2 112 Const (1  - p 
where 
U = 2X tan  Og/D 
- e2 D = VlV2 = - FhC 
,2 nV cos 0 B 
W is t h e  so-called deviat ion parameter which is l i nea r ly  proport ional  
t o  t he  deviation, A8, from the  exact value of t he  Bragg angle,  D i e  t he  
d i s tance  V1 V2 (see Pig. 2) expressed i n  terms of P : s t ruc tu re  f ac to r ,  
V 5 volume of the  un i t  c e l l ,  C Z polar iza t ion  f ac to r  (C = 1 f o r  0 po la r i -  
zat ion,  C = 1 cos 20 ( f o r  180' po la r iza t ion  s t a t e ) .  I f  there  i s  only a 
small departure from t h e  symmetrical Laue case such a s  indicated i n  
Fig. 1, t h e  sec t ion  topograph i n t e n s i t y  p r o f i l e  across  the  image RR' 
w i l l  d i f f e r  very l i t t l e  from the  above r e l a t i o n  fo r  the  i n t e n s i t y  
v a r i a t i o r .  Its form is tha t  of t h e  curve p t  = 0 on the  r igh t  ha l f  of 
Fig. 3. On the  l e f t  s i de ,  i n t e n s i t y  p r o f i l e s  a r e  given fo r  t he  t rans-  
mitted beam a s  they would be recorded along TT' i n  Pit,. 1. These curves 
f o r  non-zero absorption apply t o  X-ray r e f l e c t i o n s  with which t h e  Borrman 
Fig. 3. Calculated s p a t i a l  i n t e n s i t y  p r o f i l e s  f o r  sec t ion  topographs 
of d i f f r ac t ed  beam and d i r e c t  beam. 
e f f e c t  can s t rongly develop, :uch a s  (220) i n  diamond s t ruc tu re .  It can be 
seen t h a t  t h e  margin enhancement is r ap id ly  at tenuated with increas ing  
thickness,  it  has  p r a c t i c a l l y  disappeared a t  p t  = 2. 
Another phenomenon t h a t  can be observed i n  topographs which a l s o  
r e f l e c t s  dynamical s c a t t e r i n g  a r e  PendellSsung fr inges.  These f r i nges  
can be observed with topographs of bevelled c rys t a l s .  The spacing 
corresponds t o  t he  ex t inc t ion  d is tance  E = 1 / D ,  where D = V1V2 i n  
Fig. 2. For s i l i c o n ,  (220) r e f l ec t i ons ,  MoKa r ad i a t i on ,  t h i s  d i s tance  
is  about 35 pm. F I ~  a c r y s t a l  p l a t e  of thickness  t t he  in tegra ted  
r e f l ec t i on  R a s  a ftlnction of t is given by 
2lrtD 
R = + = D ~  1 I, (XI dx. 
0 
A p lo t  of R versus t D  f o r  the  f i r s t  o s c i l l a t i o n s  is shown i n  Fig. 4. 
Fig. 4. Variat ion of in tegra ted  r e f l e c t i o n  with c r y s t a l  thickness,  per- 
f e c t  c r y s t a l ,  zero absorption. 
The i n t e n s i t y  and hence v i s i b i l i t y  on toyographs decays proport ional ly  
t o  ( t ~ ) - l / ~ .  Since PendellGsung f r i nges  can be  observed with highly 
per fec t  c r y s t a l s  only, f r i nge  v i s i b i l i t y  provides a s t a t i s t i c a l  measure 
of l a t t i c e  perfect ion t h a t  is  s e n s i t i v c  t o  l a t t i c e  imperfections too 
small  t o  be resolved ind iv idua l ly  on topographs. Margin enhancement 
can be used i n  a very s i m i l a r  manner fo r  assessment of c r y s t a l  perfect ion.  
Multiple r e f l ec t i ons  and in t e r ac t i ons  may lead  t o  standing wave 
pa t t e rns  within t he  c rys ta l .  Since absorption is t o  a very great  extent  
due t o  i n t e r ac t i on  with e lec t rons ,  s tanding wavep with nodes between the  
atoms (0-branch waves) a r e  absorbed, whereas waves with nodes a t  t h e  
pos i t ion  of the  atoms (a-branch waves) pass  through the  c r y s t a l  with 
kx t r emly  low absorption. Since t h e  a-branch wave has a forward- 
d i f f r ac t ed  beam component as w e l l  aa a d i f f r a c t e d  beam component, t h e  
di f  f racted-direct ion anomalously t ransmit ted wave f o r  a t h i ck  c r y s t a l  
is a t  most 118 of the  incident  beam in tens i ty .  Borrman topographs 
make use of t h i s  "anomalous" transmission e f f e c t  f o r  investigat: .  g 
c r y s t a l  perfect ion.  I f  a l oca l  s t r a i n  f i e l d  such a s  caused by disloca- 
t i on  is present ,  absorption takes  place. As a r e s u l t ,  de fec t s  cas t  
shadows, t he  Borrman shadow, and a r e  v i s i b l e  a s  a reas  of l e s se r  X-ray 
in t ens i t y  on the  photographic emulsion (white images). This type of 
topogrnph is obtained with p t  > 10, samples with intermediate thickness ,  
1 < v t  < 10, general ly  show both, white images uue t o  des t ruc t ion  of 
Borrman e f f e c t  a s  w e l l  a s  black images due t o  kinematic e f f ec t s .  
111. BRIEF SURVEY OF TOPOGRAPHICAL TECHNIQUES 
X-ray topographic techniques produce an b a n e  of a sur face  h , +  - , . L : ,  
o r  cu t t i ng  a c r y s t a l ,  o r  of the  project ion of a se lec ted  v o l ~ ~ m e  oi c r y s t a l ,  
by recording the d i f f r a c t e d  X-ray in t ens i t y  i s su ing  from such sur face  
o r  volume. Diffracted X-ray i n t e n s i t y  is usual ly  recorded with photo- 
graphic emulsions; o ther  p o s s i b i l i t ,  2 s  include t he  use of counters  or  
image converters.  I n t ens i t y  va r i a t i ons  of r ad i a t i on  d i f f r a c t e d  from 
c r y s t a l s  t h a t  a r e  or iented with respect  t o  the  incident  beam such t h a t  
cons t ruc t ive  in te r fe rence  r e s u l t s  according t o  Bragg's law is due t o  e i t h e r  
o r i en t a t i on  con t r a s t  o r  8xtinction cont ras t .  Orientat ion cont ras t  is 
due to  l a t t i c e  misorientat ions,  con t r a s t  a r i s i n g  from point-to-point 
va r i a t i ons  i n  l a t t i c e  perfect ion ( s t r a i n  f i e l d s )  is usual ly  termed 
It ext inct ion" cont ras t .  
Important experimental va r i ab l e s  include wavelength spread of the  
rad ia t ion ,  the  degree of col l imat ion of the  incident  beam and geometri- 
c a l  arrangements t o  insure  resolut ion and imaging of l a rge r  samples. 
Methods t h a t  Apply White Radiation 
One of the  l e a s t  c r i t i c a l  topographical methods, l a rge  area Laue 
topography, is simply a modification of the  Laue d i f f r a c t i o n  technique 
that: is comnonl.y mployed fo r  c r y s t a l  o r i en t a t i on .  Instead of having 
a small  diameter beam (usual ly  1 am), a much la rger  beam diameter of the 
order of sample s i z e  is used. Transmission or back r e f l e c t i o n  topo-, 
graphs can be obtained, Information concerning twin and g ra in  boundaries 
or s i ng l e  and po lyc rys t a l l i n i t y  can be obtained (see Sect ion IV) . 
Closely r e l a t ed  t o  the above technique is the  Schulz  t e c h n i ~  
----- 
where again continuous r a d i a t f a n  from a point source is used. Back 
r e f l ec t i on  is used ra ther  exclusively,  usually several  Laue spots  a r e  
produced (see Section IV) . With micro focus tubes,  s i ng l e  d i s loca t ions  
can be resolved. 
The bas ic  aavantage of white rad ia t ion  techniques is the i r  
s implici ty .  Samples can be poly - or s ing l e  c r y s t a l l i n e ;  there  is  no 
need t o  o r i en t  t he  sample with precis ion i n  order t o  s a t i s f y  the  Bragg 
condi t ioa f o r  a pa r t i cu l a r  wavelength, Disadvantages a r e  due t o  over- 
lapping of images and only f a i r  angular and s p a t i a l  resolut ion.  To 
overcome these l im i t a t i ons ,  c h a r a c t e r i s t i c  r ad i a t i on  techniques a r e  
applied. 
Character i s t i c  Radiation Methods 
Absorption f i l t e r s  a r e  used with t he  following topographical 
techniques: 
Berg-Barrett technique: This technique which was developed by 
Berg i n  1931 and improved by Ba r r e t t  i n  1945 ts the  most widely used 
topographical technique. Special  e f f o r t  is made wi th  t h i s  technique t o  
have r e l a t i v e l y  l a rge  source t o  specimen and small s p e c h e n  t o  f i l m  
d i s tance  so  t ha t  good reso lu t ion  is obtained. The f i r s t  images of 
d i s loca t ions  were observed by Newkirk using :his technique. Under 
favorable condttions,  the  photographic p l a t e  may be  s e t  so  t h a t  i t  is 
no fu r the r  than a f r ac t i on  of a millimeter apa r t  from the  specimen 
surface i l lu rnha ted  by X-ray and s p a t i a l  reso lu t ion  of a f e w  u can be 
obtained. Undietorted topographe can be obtained so t ha t  one t o  one 
co r r e l a t i on  with t he  a c t u a l  sample can be made (see Secti. IV). 
Surface r e f l e c t i o n  techniques thht employ rocking or s i m u l -  
taneous scanning of f i lm plus  sample have been reported by Wooster 
and Merlin1 and Guinier. Large samples car1 be invest igated with these 
techniques while good reso lu t ion  is retained.  
I f  information on bulk prop. t i e s  is t o  be obtained, t tans-  
mission techniques a r e  used, For resolut ion of a few microns, wel l  
collimated primary beams a r e  required. Consequently, only a small 
s ec t i on  of a semple is il luminated and recorded ( sec t ion  topographs). 
For inves t iga t ion  of l a rge  samples, moving specimen and moving f i l m  
techniques a r e  used. With the  Lang technique sample and f i lm a r e  
traversed simultaneously so  t ha t  a map of l a rge  samples can be 
obtained. (Project ion topographs). 
Arrangements s imi la r  t o  the  Lang t e chn~que  can be used with 
methods t h a t  employ ;.lomalous transmission (Borrmann e f f e c t  ) . Only 
highly per fec t  c r y s t a l s  can be s tudied.  
Witlr double-crystal methods collimat ion and monochromat i z a t  ion 
is achieved by Bragg r e f l ec t i on  from a highly per fec t  monochromator 
c rys ta l .  Surface r e f l ec t i on  o r  transmission topographs can be obtained. 
The f a c i l i t y  t ha t  was s e t  up under t h i s  contract  allows s tud i e s  
by t he  following techniques: 
1.) Laue d i f  f r ac t i on  techniques 
2. ) Schulz technique 
3. ) Berg-Barrett technique 
4.) Lang and Bornaan technique 
5.) Diffractometer techniques 
Double c r y s t a l  rocking curves have a l s o  been recorded using a 
germanium monochromator c rys ta l .  Mechanical s t a b i l i t y  of t he  
system and accuracy of angular s e t t i n g s  of t he  monochromator was, 
however, marginal. 
IV. EXPERIMENTAL RESULTS AND APPLICATICNS 
A very la rge  number of topographs and d i f f r a c t i o n  images were 
obtained during the  course of t h i s  work. Only some represen ta t ive  
examples t h a t  i l l u s t r a t e  appl ica t ions  a r e  presented i n  t he  following. 
Hardware and experimental considerations such a s  s e l ec t i on  and pro- 
cessing of emulsions have been covered in previous repor t s ,  references 
fo r  fu r the r  information a r e  given i n  t h e  appendix. 
It should be noted t h a t  i n t e n s i t i e s  a r e  reversed with a l l  topo- 
graphs s h m .  Light a reas  on the  p r i n t s  correspond t o  a reas  of higher 
i n t ens i t y  of d i f f r ac t ed  radiat ion.  
,. 1. Laue diffraction pat terns  of 52(111), transmiesi 
and 2 m dia,  heam. The  small beam diameter is 
useful  f o r  probing of small a r e a s  or grains and 
or ienta t ion  of s k n ~ l e  crvstals .  
an, 0.5 w 
partFculnrly 
fo r  p r r v j s i  .:. 
Fig. 2 .  Laue back ref lect ion  fror l  s p . t r ~ .  ~ ~ r t ~ c . e s s e d  (M-556) germanium 
selenide, (001). 
. I 
r , :  
k.' 
Fig.  3. Same sample as in F i r .  2 ,  t r ;n~smiss ion.  Hoth diffraction 
patterns i n d i c a t e  thsi rkic s.lmplc is straircd and consists 
of several p;rains. I l last  i r  it'!' liLn;?t rim cillt'in!. r ~ e ? L r v  
or dxmage introdr~r.crl 17 . :  i i a r r l 1  in^ c r v ~ l d  h e  t h e  cause.  
Fig. 4. Laue back re f l e c t i on  obtained from space-grown ~ermlnium 
selenide (W556) .  A mult itude of s l i g h t l y  misor i e~r~ed  
grabs  contributes t o  the general (OOl) d i f f r a c t i o n  pattern 
Pig.  5 .  Same sample as in Fip. 4 ,  transmission. , \ f a i n ,  m u l t i p l e  
crains are evident .  Debve-Scherrer r i ngs  may be due to 
. 
polycrystalline p r e c i p i t a t e s  on sample surface.  
?i&. 6. S i ( U 1 )  , transmission large area Laue topographs. I n d i c ~ s  
cam be assigned t o  these ref lect ions  as is cornonly done 
w i t h  Laue diffractions by stereographic projection tech- 
niques. Lave topographs as shown in thia figure are 
basically equivalent t o  Schulz topographs as shown in 
Figs .  7,  8, and 9. 
Pig. 7. Schulz topograph of InBi(001), conr inuous Cu radlatiun. 
Pig. 8. Sehulz topograph of 1nBi (001) , cont inuous Cu radiation, 
mggnif icat ion of a 
,g and strain f i e l d a  
.e clearly v i s i b l e .  
lerg 
lue 
Fig.  10: [3331 Berg-Berrett topograph, stat ic  exposure, of 
(111)-oriented germanium wafer. Experimental eimplicity 
of the techniques where scarlning is eliminated while good 
resolution l a  retained m a k e  t h i s  approach attractive, a 
major shorLcoming is that image width can only be as large 
aa  the focal length of  the X-ray line source. Thie is 
ugually of the order of 1 crn and only the center section 
of this wafer could be Imaged. F i g .  11 shove a topograph 
of the eame crystal, scanning was used and a complete fmage 
is obtained. 
Fig, 11. Germmi- (111) - 13335 Berg-Barsett topagraph, For thir 
reflectiw 28 i a  apptoximtely 90' and, conarqumtly, miditi 
tcrted high rerolution images csn be obtained. 
Fig .  12. G A S  (100), Wesringhoc~e sample O E-2, 1 4 M ]  Rera- 
Barret t t opograph. Sample consists of two  rains, 
and has many inclusions or cavities. 
Pig. 13. UIAs(lOO), Wcqtinghouse sample (N-2. [ 4 0 0 ]  Berc-9arrctt 
topograph. War' l a  warp?$ a t  left hotrom corner. a dense 
network of dislocation can be Been; beam divergence tchQ 
large, theref ore, bath Ka, and Ka2 llnagea visible. 
Fig. 14. Gab (1111, [333] Eer3-Rasrett topograph. h r g e  grains, 
etrain fields and dielocationm can bc eeen. 
Pig. 15. GaAs (Ill), [ 3 3  31 ~ e c ~ - ~ a r r e t  t topograph. Lary,r ~ r a i n ,  
strain f i e l d s  and dislocations can be seen, 
Fig.  
Fig.  17. P r e c i p i t a t e s  due t o  oxygen in silicon. [220] L a n ~  
transmission tcpograph of (1111 wafer, Cu K. r ad ia -  
t ion. 
Fig. 18. Disl-ocation m d  slip lines in s i l i con .  [220]  Lang trans- 
mission topagraph of (111) wafer, Cu K? radiation. 
Pig. 19. Precipitates in silicon, 56x magnification. 
Fig. 20. Dislocation l i n e s  in  silicon, 56x. 
Pig.  21. Inqb, W560, (2201 surface reilect ian topagraph of as-grovn 
crystal. 
InSb(llO), M-560. [ 2 T O ]  reflection topograph, G 
rim. 
tad ia- 
Ha. 23. InPb(llO), H-560. (2201 reflect ion topagraph, Cu Ka radia- 
Pig. 24. Insb(Se) ,  !I-560, (111) - [ 2 2 0 ]  Borrman topagraph. D i s -  
locat ion network and out growing mechanism of dislocations 
is clearly v is ible  (growth direct ion from bottom to t o p ) .  
Pig. 2 5 .  [ 3 3 3 ]  r e f l e c t i on  topopraph of InSb wafrr shown in Fig. 24. 
Again, dislocations and d e c r ~ a s c  i n  densitv of dislocations 
as grgwth procseds is c lear ly  v i s i h l e .  Faint intensity 
variations due L O  variation nf selenium concentration can 
a l so  b e  discerned a t  top of sample. 
BIBLIGGRAPHY 
The following bibl iography is intended t o  provide  some i n t r o -  
ductory ~ a c k g r o u n d  informat ion: 
L. V. Azaroff: Elements of  X-ray Cryta l lography,  McGraw H i l l  1968, 
R. F. Bunshah, e d i t o r :  Techniques of Metals Research, Vol. X I ,  
Techniques f o r  t h e  Direct  Observation of S t r u c t u r e  
and Imperfections.  J. Wiley 1969. 
E. Maieran: The Appl ica t ion of X-Ray Topographical Techniques 
t o  t h e  Study of Semiconductor C r y s t a l s  and Devices, 
Siemens Report 1969. 
A. R. Lang: Modern D i f f r a c t i o n  and Imaging Techniques i n  Mate r i a l s  
Science. North Holland Publ. Co. 1969. 
B. W. Batterman, H. Cole: Rev. Mod. Phys. 36 (1964) 681. 
A. Guinier  X-ray D i f f r a c t  ion i n  C r y s t a l s ,  Imperfect  C r v s t a l s ,  
and Amorphous Bodies, W. H. Freeman and Co. 1963 
A. Rachandran: Advanced Methods of  Crysta l lography,  Academic P r e s s  1964 
J. Au1eytur.r: X-Ray Methods i n  t h e  Study of  Defects  i n  S ing le  C r y s t a l s ,  
Pergamon Press  1967 
A. Guinier: X-Ray Crys ta l lograph ic  Technology, Ui lge r  and Watts LTD 
1952. 
